A detailed experimental analysis of the phase transition thermodynamics of (S)-naproxen and (RS)-naproxen is reported. Vapor pressures were determined experimentally via the transpiration method. Sublimation enthalpies were obtained from the vapor pressures and from independent TGA measurements. Thermodynamics of fusion which have been wellstudied in the literature were systematically remeasured by DSC. Both sublimation and fusion enthalpies were adjusted to one reference temperature, T = 298 K, using measured heat capacities of the solid and the melt phase by DSC. Average values from the measurements and from literature data were suggested for the sublimation and fusion enthalpies. In order to prove consistency of the proposed values the vaporization enthalpies obtained by combination of both were compared to vaporization enthalpies obtained by the group-additivity method and the correlation-gas chromatography method. The importance of reliable and precise phase transition data for thermochemical calculations such as the prediction of solid/liquid phase behavior of chiral compounds is highlighted.
define feasibility and productivity of a crystallization process. Naproxen as well as about 90-95 % of the chiral systems 3 can form a stoichiometric 1:1 molecular racemic compound, (RS)naproxen (see Figure 1, left) .
The eutectic composition, x eu , defines the boundary between the areas where pure enantiomer or the racemic compound can be crystallized from solution (indicated as grey area in Figure 1, left) . Hence, for process design of such systems the solubility of the enantiomers, x (S) and x (R) , and of the molecular compound, x (RS) , as well as the eutectic composition in solution are characteristic information. In earlier investigations we studied solubility behaviour and crystallization-based enantioseparation on several substances e.g. propranolol hydrochloride 4 , 3-chloromandelic acid 5 and guaifenesin 6 on an experimental basis. However, especially in early stages of process design, the available amount of substance is often scarce for detailed experimental studies. Solubility prediction can support and complement experimental examinations.
To access solubility by computational methods the free energy change of the solution process, , has to be split up into accessible quantities by a thermodynamic cycle. The solution process can be thermodynamically described by either transferring the molecule from the solid crystal via (1) the subcooled melt or via (2) the gas phase into the solution (illustrated in Fig. 1, right) . 7 The two thermodynamic cycles have been compared in a previous study 8 for chiral lactide where experimental melting properties and sublimation enthalpies are used to calculate solubilities and to estimate the eutectic composition in a solvent mixture. For a merely predictive method besides solvent interaction-based quantities the solid/liquid or solid/vapor phase change quantities have to be computed as well. State of the art methods to predict the melting temperature still give errors above 30 K. 9 Palmer et al. 10 proposed a method to calculate solubilities with information on the molecular structure only by using calculated lattice energies. Otero-de-la-Roza et. al. 11 successfully used differences in lattice energies to estimate the eutectic composition of several compounds in solution. However, recent benchmarks on the computation of lattice energies 12, 13 show that computations depend strongly on the computational method used and hence are related to relatively large errors.
Precise experimental thermochemical data can help to improve computational methods by giving a basis to compare computations to experimental values.
In this contribution we report carefully measured thermochemical data for the naproxens, i.e. the (S)-enantiomer and the racemic molecular compound, (RS)-naproxen. Molar heat capacities of the solid and the liquid naproxens as well as their fusion enthalpies were measured by Differential Scanning Calorimetry (DSC). Absolute vapor pressures of the solid naproxens were measured with the transpiration method. Molar enthalpies of sublimation were derived from the temperature dependences of the vapor pressures as well as directly measured by means of the Thermogravimetric Analysis (TGA). In order to prove consistency of the experimental thermochemical results, the vaporization enthalpies of the naproxens were derived by combination of sublimation and fusion enthalpies and compared to vaporization enthalpies obtained by the group-additivity (GA) method and the correlation-gas chromatography (CGC) method.
Materials and methods

Materials
Samples of (RS)-naproxen, (RS)-(±)-2-(6-Methoxy-2-naphthyl)propionic acid, and (S)naproxen, (S)-(+)-2-(6-Methoxy-2-naphthyl)propionic acid, were of commercial origin (TCI-Europe) with specified purities of 98 % and 99 %, respectively. They were further purified by recrystallization. No impurities > 0.01 mass fractions could be detected via HPLC-analysis * in samples used for the measurements. was then filled with the sample and closed with the same aluminum lid for the second run.
Heat capacity measurements
Sample masses were between 60 to 80 mg (±10µg).
The heat capacity measurements were performed in 10 K steps with a heating rate of 5 
Vapor pressure measurements via the transpiration method
Vapor pressures of the naproxens were measured using the transpiration method which was described before in detail by the authors. 17,18 About 0.5 g of solid sample was dissolved in acetonitrile and mixed with small glass beads in a glass beaker. Under vigorous stirring with a spatula and gentle heating the solvent was removed from beaker producing glass beads covered uniformly with the sample. These covered glass beads were placed in a thermostated U-shaped saturator. A well-defined nitrogen stream was passed through the saturator at a constant temperature (± 0.1 K), and the transported material was collected in a cold trap. The amount of condensed sample was determined by weighing with microbalances of 0.0001 g resolution. The absolute vapor pressure p i at each temperature T i was calculated from the amount of the product collected within a definite period. Assuming validity of Dalton`s law applied to the nitrogen stream saturated with the substance i, values of p i were calculated with eq. (1):
where R is the universal gas constant; m i is the mass of the transported compound M i is the molar mass of the compound, and V i its volume contribution to the gaseous phase. V N2 is the volume of the carrier gas and T a is the temperature of the soap bubble meter used for measurement of the gas flow. The volume of the carrier gas V N2 was determined from the flow rate and the measurement time. Uncertainties of absolute vapor pressures measured by the transpiration method were estimated according to the procedure described in detail in the literature. 18 They are governed mostly by the reproducibility of the GC analysis as well as by the V N2 volume determination. The combined uncertainties u(p) of vapor pressures derived from the transpiration method are generally in between 1 to 3 % and the corresponding deviations from the smoothed equations are adequate estimates of the uncertainty. 18 In order to confirm that the deposited naproxen on the glass beads is completely crystalline additional transpiration experiments for both naproxens have been performed as follows. In contrast to the previously described procedure using a solvent, an abundant amount of the crystalline sample of the naproxen was as uniformly dispersed as possible among the glass beads in the saturator. Transpiration measurements were performed at two different temperatures and the results were indistinguishable with those after crystallization from acetonitrile.
Sublimation enthalpy via TGA
Enthalpies of sublimation of the naproxens were additionally measured with a Perkin Elmer
Pyris 6 TGA. A plane platinum crucible with vertical walls, diameter of 10 mm and height 3 mm with about 70 mg of the sample was heated with a ramp of 10 K·min -1 under nitrogen purge gas flow. In order to obtain a smoothed surface of the sample inside the crucible, the sample was gently melted and cooled down to room temperature before the TGA experiment.
No decomposition of the sample was observed (according to the FT-IR spectra) after the pretreatment of the sample. Isothermal TGA curves were measured in the temperature range 395-425 K at a nitrogen flow rate of 200 ml·min -1 . Measurements of the mass loss rate dm/dt were performed in a few consequent series of steps of increasing and decreasing temperature.
Every step consisted of 7 to 11 points of the mass loss rate determination at each temperature.
Several runs have been performed to assess the reproducibility of the results. The detailed procedure was described elsewhere. 19
Enthalpy of fusion via DSC
The thermal behavior of the naproxens including melting temperature and enthalpies of fusion was studied both in Rostock and Magdeburg. In Rostock a Mettler-Toledo DSC 822 was applied. The instrument was standardized using indium metal with a mass fraction of 0.9999.
The samples were hermetically sealed in 50 µl pans supplied by Perkin Elmer. Measurements were performed in triplicate with a heating rate of 10 K·min -1 . Thermodynamics of fusion of naproxens was additionally studied at MPI in Magdeburg using a Setaram DSC 131.
Temperature and enthalpy calibration was performed using indium, tin and lead reference material. Samples with typical masses of ~10 mg (± 10 µg) were weighed into 30 µl Al-pans which have been supplied by Setaram, closed with a lid and heated from 300 K to 573 K with a constant heating rate of 1 and 2 K/min while purging with highly pure helium (99.999
Vol. %) at a constant flow rate of 70 ml·min -1 . The measurements were repeated twice for both heating rates.
Results
Heat capacity measurements
DSC is conventionally used to study phase transitions and heat capacities of materials. The heat capacity measurements of naproxens were performed below and above the melting temperature. Results of the heat capacity measurements are shown in Figure 2 . No significant heat capacity difference between the enantiomer and the racemic compound could be observed for the solid or the melt. The average difference between the heat capacities of the solid enantiomer and the racemic compound of 2.5 J⋅K -1 ⋅mol -1 was below the experimental error (see Table 1 ). In contrast, for some other chiral species like mandelic acid and erythrophenylglyceric acid significantly larger heat capacity differences between the enantiomer and the corresponding racemic molecular compound were observed. 21 
The resulting o m p C , -values at 298 K are given in Table 1 . Coefficients of eq. 2 are summarized in Table S1 (supporting information) together with all primary experimental data of the heat capacities measured in this work.
In addition to the solid and liquid state heat capacities, the ideal gas heat capacities are required to adjust measured enthalpies of sublimation to the reference temperature.
Differences between the molar heat capacities of the gaseous phase o 
Vapor pressure and sublimation enthalpies from the transpiration method
Absolute vapor pressures p i measured by the transpiration method were correlated with the following equation: 17
where a and b are adjustable parameters. Absolute vapor pressures of the naproxens and the resulting correlation for ln(p i /p°) are given in Table 2 (p° = 1 Pa). T 0 in eq. (3) is the reference temperature T = 298 K and R is the gas constant. The sublimation enthalpy was calculated from equation:
The heat capacity differences between the gaseous and the crystalline phase
were taken from Table 1 for the calculation. Sublimation entropies at temperature T were also derived from the temperature dependence of vapor pressures using eq. (5):
The resulting enthalpy of sublimation at the reference temperature Table 2 . Table 2 .
Uncertainties in the temperature adjustments of the sublimation enthalpies to the reference temperature T = 298 K were calculated assuming a standard deviation of ±16 J·mol -1 ·K -1 for the crystalline phase heat capacity, o 
Sublimation enthalpy from the TGA method
Enthalpies of sublimation of (RS)-and (S)-naproxen measured with the TGA are given in Table 3 . The relationship between the mass loss r = dm/dt and the sublimation enthalpy was derived according to the equation of Clausius-Clapeyron by using the rate of mass loss dm/dt measured by the TGA (instead of the absolute pressure): 19
With a constant A´ which includes parameters that are specific for our setup but which is independent from the substance studied. T 0 is the reference temperature T = 298 K. Table 3 .
Thermodynamics of fusion
The melting temperatures and enthalpies of fusion of (RS)-and (S)-naproxen measured by DSC in Rostock and Magdeburg are given in Table 4 . Uncertainties in the temperature adjustment of fusion enthalpies from T fus to the reference temperature given in Table 4 are estimates and amount to 30 % of the total adjustment. 25 In addition Table 4 summarizes the determined enthalpies of fusion, sublimation and vaporization at 298 K. Table 4 .
Discussion
Absolute vapor pressures of naproxens
Measured vapor pressures of (RS)-and (S)-naproxen via the transpiration method are similar but still distinguishable especially at low temperatures (see Fig. 3 ) where vapor pressures of the enantiomer are slightly higher in comparison to the racemic compound. Literature data 26 are available for (S)-naproxen only and they surprisingly disagree dramatically with the results of this work.
Figure. 3.
Sublimation enthalpies of naproxens
Sublimation enthalpies
o m H g cr ∆ (298 K) of (RS)-and (S)-naproxen are collected in Table 3 .
The experimental result published for (S)-naproxen in Ref. 26 was adjusted to the reference temperature using equations (3) and (4) and is given in Table 3 Table 3 which can be recommended for further thermochemical calculations. The uncertainty of the sublimation enthalpy was taken as the weighting factor.
Fusion enthalpies of naproxens
The DSC-measurements of enthalpies of fusion for the naproxens have been a popular endeavor in the past. 20 provided that all enthalpies in eq. (8) are referred to the same temperature. Resulting vaporization enthalpies can be found in Table 4 along with the sublimation and fusion enthalpies used for their calculation.
The sublimation enthalpy values are difficult for any kind of interpretation because they include two non-equal contributions from the vaporization and from fusion enthalpy as it can be seen in eq. (8). In contrast, the vaporization enthalpies willingly obey the additivity rules, 18 as well as it can be involved in different types of structure-property correlations.
In order to establish validity of the 
Validation of vaporization enthalpy of naproxen using the group-additivity Method
The group-additivity (GA) method is admittedly an empirical tool to prove experimental results for consistency or estimate missing values with a reasonable accuracy. 36 Table   4 , column 6).
Figure 4.
Starting from this molecule and GAVs given in Table S3 we estimated vaporization enthalpy of naproxen as the sum: Admittedly, the GA-method is not able to differ between the enantiomer and the racemic compound. However, our estimate from GA Table S2 ).
The following equation for the estimation of vaporization enthalpy of (S)-naproxen was obtained: Table 4 ). Thus, the sets of sublimation, fusion, and vaporization enthalpies for (RS)-and (S)-naproxen seem to possess an internal consistency.
Summary and conclusions
A detailed experimental analysis of the phase transition thermodynamics of the enantiopure (S)-naproxen and the racemic molecular compound (RS)-naproxen has been performed. Vapor pressures have been measured via the transpiration method. Enthalpies of sublimation have been derived from the vapor pressures and complemented for comparison by independent TGA measurements. Thermodynamics of fusion and heat capacities of the solid and the melt phase have been measured via DSC. The latter were used to adjust experimental enthalpies of sublimation and enthalpies of fusion to the reference temperature, T = 298 K. Only small differences between the enantiomer and the racemate have been observed for the measured vapor pressures with slightly higher results for the enantiomer. Measured enthalpies of sublimation from transpiration and TGA were in good agreement to earlier published transpiration results of (S)-naproxen. 26 Differences between the racemate and the enantiomer were found to be around 6 kJ·mol -1 after the adjustment to 298 K which is large in comparison to the very similar thermodynamics of fusion. Data sets on sublimation and fusion enthalpies have been successfully checked for internal consistency by using two independent methods, the group-additivity and the correlation-GC methods. Average values from own measurements and from literature were determined for the sublimation and fusion enthalpies of both naproxens and recommended for thermochemical calculations. This study complements available thermochemical data for (S)-and (RS)-naproxen. New accurate and consistent results of thermophysical data of both chiral species provide the basis for the computation of characteristic quantities in the ternary phase diagram (see Figure 1 ) which are necessary for the design of enantioselective crystallization processes. 3 6.33 С-(С) 2 (H) 2 4.52 С-(С) 3 (H) 1.24 a Group contributions for methoxybenzoic acids were taken from Ref. 2. Increments for alkyl chains and ethers were taken from our previous study 5 .
